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SUMMARY 
Q u i c k , r e l i a b l e b o r e h o l e t e m p e r a t u r e da ta i s the most 
i m p o r t a n t i n f o r m a t i o n to be o b t a i n e d i n g e o t h e r m a l d r i l l i n g . 
U n f o r t u n a t e l y , the d r i l l i n g p r o c e s s i t s e l f d i s t u r b s the s u r ­
r o u n d i n g t e m p e r a t u r e f i e l d . T h i s i s e s p e c i a l l y t r u e when 
the t e m p e r a t u r e • f i e l d - i s d i s t u r b e d by f l o w o f d r i l l i n g f l u i d 
i n f r a c t u r e d r o c k s , w h i c h i s v e r y l i k e l y i n the g e o t h e r m a l 
a r e a s . 
S t a r t i n g w i t h the model by J a e g e r (1961) and Holmes 
and S w i f t ( 1 9 7 0 ) , m o d i f i e d models a r e c o n s t r u c t e d to s i m u l a t e 
b o r e h o l e t e m p e r a t u r e s i n the case o f (1 ) n o n - u n i f o r m the rma l 
c o n d u c t i v i t y i n the f o r m a t i o n and ( 2 ) l o s s o f d r i 1 l i n g f l u i d 
i n t o f r a c t u r e s i n t e r s e c t e d by a b o r e h o l e . C o m p a r i s o n o f the 
c a l c u l a t e d r e l a x a t i o n t ime f o r the d r i l l i n g d i s t u r b a n c e i n 
the case o f f l u i d l o s s , w i t h the r e l a x a t i o n t ime i n d i c a t e d 
by the a v a i l a b l e d a t a , s u g g e s t s t h a t the t e m p e r a t u r e p e r t u r ­
b a t i o n a s s o c i a t e d w i t h i n f l u x o f the d r i l l i n g f l u i d i n t o a 
zone o f f r a c t u r e d r o c k s i s removed by c o n v e c t i v e p r o c e s s e s . 
The e f f e c t i v e p e r m e a b i l i t y o f such a f r a c t u r e zone may be o f 
-11 2 
t h e o r d e r o f 4x10 ' m . 
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CHAPTER I 
INTRODUCTION AND RELATED WORK 
The t e m p e r a t u r e f i e l d i s one o f the main p h y s i c a l 
c h a r a c t e r i s t i c s o f g e o t h e r m a l s y s t e m s . T e m p e r a t u r e o b s e r v a ­
t i o n s i n b o r e h o l e s t h e r e f o r e p r o v i d e some o f the most i m p o r -
t a n t f i e l d da ta both i n r e g i o n a l r e c o n n a i s s a n c e e x p l o r a t i o n 
f o r geo therma l r e s o u r c e s and i n the i n v e s t i g a t i o n o f i n d i ­
v i d u a l r e s e r v o i r s . M o r e o v e r , the t e m p e r a t u r e can be o b s e r v e d 
w i t h a g r e a t e r p r e c i s i o n than a l m o s t any o t h e r f i e l d q u a n t i t y . 
_ 2 
A t t e m p e r a t u r e s be low 200°C* a p r e c i s i o n o f 10 °C can be 
e a s i l y o b t a i n e d w i t h the h e l p o f t h e r m i s t e r d e v i c e s . O t h e r 
t y p e s o f thermometers a re p r e f e r r e d a t h i g h e r t e m p e r a t u r e s , 
f o r e x a m p l e , v a p o r p r e s s u r e and t h e r m o e l a s t i c d e v i c e s w h i c h 
a r e l e s s p r e c i s e than the t h e m i s t e r s . 
The d r i l l i n g p r o c e s s i t s e l f d i s t u r b s the s u b s u r f a c e 
t e m p e r a t u r e f i e l d ( 1 ) by c o n d u c t i v e c o o l i n g o f the r o c k and 
( 2 ) by i n v a s i o n o f the d r i l l i n g f l u i d i n t o permeable f o r m a ­
t i o n s . Because the thermal c o n d u c t i v i t y o f r o c k i s s m a l l , 
such d r i l l i n g d i s t u r b a n c e s have a l o n g r e l a x a t i o n t i m e . The 
l o n g r e l a x a t i o n t ime becomes a p r o b l e m o f p r a c t i c a l c o n c e r n 
when d e c i s i o n s have to be made r e g a r d i n g d e e p e n i n g o r a b a n ­
d o n i n g a b o r e h o l e . To a v o i d c o s t l y . de l ay a t the d r i l l s i t e , 
n o n - e q u i l i b r i u m t e m p e r a t u r e d a t a a re o f t e n o b t a i n e d and 
a t t e m p t s a re made to e x t r a p o l a t e t h e s e da ta to o b t a i n 
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e s t i m a t e s o f the e q u i l i b r i u m v a l u e s . The t e m p e r a t u r e o f t h e 
d r i l l i n g f l u i d a t the w e l l - h e a d i s a l s o m o n i t o r e d , s i n c e i t 
f u r n i s h e s some i n f o r m a t i o n on f o r m a t i o n t e m p e r a t u r e a t d e p t h . 
M o n i t o r i n g f l u i d l e v e l i n t h e mud p i t i n d i c a t e s f l u i d g a i n s 
o r 1 o s s e s . 
L i t t l e t h e o r e t i c a l l i t e r a t u r e e x i s t s on b o r e h o l e 
t e m p e r a t u r e s , p a r t i c u l a r l y w i t h r e g a r d t o the c o m p l e x i t i e s 
e n c o u n t e r e d i n a c t i v e g e o t h e r m a l a r e a s . Bui l a r d (1 947 ), and 
L a c h e n b r u c h and Brewer (1959) have e s t i m a t e d the r e l a x a t i o n 
t ime f o r a b o r e h o l e a f t e r i t had been c o m p l e t e d on the b a s i s 
o f a s i m p l e hea t c o n d u c t i o n m o d e l . T h e i r r e s u l t s show t h a t 
t h e t r u e e q u i l i b r i u m i s r e a c h e d o n l y a f t e r t imes o f the o r d e r 
o f months o r y e a r s . A l s o o n l y a few papers have been w r i t t e n 
on the d i s t u r b a n c e s due to d r i l l i n g , t a k i n g i n t o a c c o u n t the 
c i r c u l a t i o n o f d r i l l i n g f l u i d i n the b o r e h o l e . J a e g e r (1961) 
and Holmes and S w i f t (1970) have g i v e n s t e a d y - s t a t e a p p r o x i ­
mat ions to t e m p e r a t u r e s i n the d r i l l i n g f l u i d d u r i n g d r i 1 1 i n g . 
T i m e - d e p e n d e n t c a l c u l a t i o n s have been c a r r i e d o u t by Raymond 
( 1 969) and K e l l e r , e t aj_. (1 973 ) . H o w e v e r , a l l o f the above 
models have assumed bo th s i m p l e f o r m a t i o n t e m p e r a t u r e s and no 
g a i n s o r l o s s e s o f d r i l l i n g f l u i d . No a t t e n t i o n has been 
p a i d to the p r o b l e m o f i n t e r p r e t a t i o n o f the o u t l e t t e m p e r a ­
t u r e . 
R e c e n t l y , B o d v a r s s o n ( 1 973 ) has d i s c u s s e d examples o f 
t e m p e r a t u r e i n v e r s i o n s w h i c h have been o b s e r v e d i n g e o t h e r m a l 
a r e a s . He s u g g e s t s t h a t such t e m p e r a t u r e i n v e r s i o n s may 
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r e s u l t f rom d r i l l i n g d i s t u r b a n c e s . T h e r e have a p p a r e n t l y 
been no i n v e s t i g a t i o n s o f . the r e l a x a t i o n s o f t e m p e r a t u r e 
i n v e r s i o n s due to d r i 1 1 i n g d i s t u r b a n c e s . 
The o b j e c t o f t h i s , s t u d y was to i n v e s t i g a t e the i n f o r ­
mat ion w h i c h can be o b t a i n e d f rom the t e m p e r a t u r e data by 
m a t h e m a t i c a l m o d e l i n g o f thermal p r o c e s s e s i n the d r i l l i n g 
f l u i d - b o r e s y s t e m . The t h e o r e t i c a l r e s u l t s w i l l be compared 
w i t h a v a i l a b l e f i e l d d a t a . 
In C h a p t e r ! I , t h e model o f J a e g e r (1961) and Holmes 
and S w i f t (1970) w i l l be r e v i e w e d . T h i s w i l l s e r v e as the 
b a s i c m o d e l . For c o n v e n i e n c e , the n o t a t i o n s , e q u a t i o n s and 
f i g u r e s used by Holmes and S w i f t (1970) w i l l be r e t a i n e d w i t h 
o n l y a s l i g h t c h a n g e . An a p p r o x i m a t i o n method o f e s t i m a t i n g 
the o u t l e t t e m p e r a t u r e and the b o t t o m - h o l e t e m p e r a t u r e w i l l 
be i n t r o d u c e d . Two f u r t h e r m o d i f i c a t i o n s to the b a s i c m o d e l , 
the n o n - l i n e a r g r a d i e n t model and the f l u i d - l o s s m o d e l , w i l l 
a l s o be i n c l u d e d i n t h i s c h a p t e r . 
C h a p t e r I I I w i l l t r e a t m a i n l y the prob lem o f r e l a x a t i o n 
o f the d r i l l i n g d i s t u r b a n c e c r e a t e d by f l u i d l o s s e s . Temper ­
a t u r e d i s t r i b u t i o n s o f f l u i d s t h a t a re l o s t i n t o a f r a c t u r e 
w i l l be d e s c r i b e d . T e m p e r a t u r e d i s t u r b a n c e s r e s u l t i n g f rom 
the d r i l l i n g f l u i d l o s s and the r e l a x a t i o n a f t e r the d r i l l i n g 
c e a s e s w i l l be i n v e s t i g a t e d . The a p p l i c a t i o n o f the f l u i d -
l o s s model w i l l a l s o be d i s c u s s e d . 
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CHAPTER I I 
MODELING OF THE C IRCULATING BOREHOLE SYSTEM 
D e s c r i p t i o n o f the B a s i c Model 
The c i r c u l a t i n g b o r e h o l e model by J a e g e r (1961) and 
Holmes and S w i f t (1970) i s b a s i c a l l y a c o u n t e r f l o w heat 
e x c h a n g e r ( F i g u r e 1 ) . The d r i l l i n g f l u i d i s i n j e c t e d a t 
a c o n s t a n t t e m p e r a t u r e T . and c o n s t a n t f l o w r a t e q . The 
f l u i d f l o w s down the d r i l l p i p e to the bot tom ( z = h) and 
c i r c u l a t e s up the s u r r o u n d i n g a n n u l u s . Heat i s t r a n s p o r t e d 
by c o n v e c t i o n w i t h i n the b o r e h o l e and by c o n d u c t i o n i n the 
r o c k f o r m a t i o n . . . 
The B a s i c E q u a t i o n s 
S e v e r a l a s s u m p t i o n s a re made to o b t a i n the b a s i c 
e q u a t i o n s : 
( 1 ) A x i a l c o n d u c t i o n o f hea t i n the f l u i d i s n e g l i ­
g i b l e compared w i t h a x i a l c o n v e c t i o n . 
( 2 ) T h e r e i s no r a d i a l g r a d i e n t i n the f l u i d i n 
e i t h e r the d r i l l p i p e o r the a n n u l u s . 
( 3 ) The f l u i d ' s p r o p e r t i e s ( h e a t c a p a c i t y , d e n s i t y , 
and thermal c o n d u c t i v i t y ) do n o t change s i g n i f i c a n t l y w i t h 
t e m p e r a t u r e . 
( 4 ) Heat g e n e r a t i o n by v i s c o u s d i s s i p a t i o n i n the 
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F i g u r e 1. S c h e m a t i c o f C i r c u l a t i n g B o r e h o l e S y s t e m . 
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Based on the above a s s u m p t i o n s , the heat a c c u m u l a t i o n s 
per u n i t t ime Q o f the f l u i d between dep th z and z+dz a re 
g i v e n b y : 
Q p ( z ) - Q p ( z + d z ) = S q ( T p ( z ) - T p ( z + d z ) ) 
Q a ( z ) - Q a ( z + d z ) = s q ( T a ( z ) - T a ( z + d z ) ) 
where the s u b s c r i p t s a and p i n d i c a t e the q u a n t i t i e s i n the 
a n n u l u s and the d r i l l p i p e r e s p e c t i v e l y , s i s the s p e c i f i c 
hea t o f the f l u i d , and q i s the f l o w r a t e o f the d r i l l i n g 
f l u i d . 
The hea t t r a n s f e r between the d r i l l p i p e and the 
annul us Q a i s g i v e n b y : 
VZ> = H 1<V Z >- T a ( z n d z 
S i m i l a r l y the heat t r a n s f e r between the a n n u l u s and 
the r o c k f o r m a t i o n Q ^ a 
Q f a ( z ) = H 2 ( T a ( z ) - T f ( z ) ) d z 
where f i n d i c a t e s the q u a n t i t i e s i n the f o r m a t i o n , H-j and 
a r e the heat t r a n s f e r c o e f f i c i e n t s a c r o s s the d r i l l p i p e and 
the w e l l b o r e f a c e , r e s p e c t i v e l y . 
Combin ing t h e s e e q u a t i o n s g i v e s the o v e r a l l hea t 
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b a l a n c e t h r o u g h the p i p e and a n n u l u s : 
d T ( z ) 
s q - ^ — = H l ( T a ( z ) - T p ( z ) ) 
( 1 ) 
Wi th a l i n e a r g e o t h e r m a l g r a d i e n t a and a g i v e n s u r f a c e 
e a r t h t e m p e r a t u r e T $ , f o r m a t i o n t e m p e r a t u r e can be r e p r e ­
s e n t e d by a l i n e a r r e l a t i o n 
T f ( z ) = T s + a z (2 ) 
To s o l v e e q u a t i o n s ( 1 ) , ( 2 ) , two b o u n d a r y c o n d i t i o n s 
a r e n e e d e d : 
(1 ) I n l e t t e m p e r a t u r e T ... i s a c o n s t a n t : 
T ( 0 ) = T . 
P Pi 
(2 ) The d r i l l i n g f l u i d s a r e mixed a t the b o t t o m : 
T ( h ) - T a ( h ) 
The- s o l u t i o n w i l l be 
T _ ( z ) = K-1 e x p ( C 1 z ) + K 2 e x p ( C 2 z ) + T s + a z - o / A 1 ( ( 3 ) 
T a ( z ) = K 1 ( 1 + C 1 / A 1 ) e x p ( C 2 z ) + K 2 ( l + C 2 / A 1 ) e x p ( C 2 z ) + T $ + a z ( 3 ) 
where 
A ^ H y s q 
A 2 = H 2 / s q 
C 1 = ( A 2 / 2 ) ( l + ( 1 + 4 A 1 / A 2 ) ^ ) 
C 2 = ( A 2 / 2 ) ( 1 - ( 1 + 4 A 1 / A 2 ) 1 5 ) 
( 4 ) 
( 5 ) 
K 1 = - ( ( T p . - T s + a / A 1 ) C 2 e x p ( C 2 h ) + a . ) . / ( C ] exp (C ] h ) - C ' 2 e x p ( C 2 h ) ) 
( 6 ) 
K 2 = ( ( T p i - T s + a / A 1 ) C 1 e x p ( C 1 h ) + a ) / ( C 1 e x p ( C 1 h ) - C 2 e x p ( C 2 h ) ) 
The w e l l da ta used to c o n s t r u c t t e m p e r a t u r e p r o f i l e s 
a r e g i v e n i n T a b l e 1 . 
The h e a t t r a n s f e r c o e f f i c i e n t s g i v e n i n T a b l e 1 have 
taken a c c o u n t o f the w e l l b o r e s i z e and computed a c c o r d i n g to 
the r e l a t i o n s : 
H n=27rr h 
1 . p . p . 
H 2 = 2TrrU 
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T a b l e 1. Parameters i n Some T y p i c a l D r i l l i n g S y s t e m s * 
model H-| H 2 s \ q T . T g a h 
1 .09 .003 4 15 30 20 .025 5000 
2 .15 .003 4 15 30 20 .025 5000 
3 .03 .003 4 15 30 20 .025 5000 
4 .09 .0045 4 15 30 20 .025 5000 
5 .09 .0015 4 15 30 20 .025 5000 
6 .09 .003 4 10 30 20 .025 5000 
7 .09 .003 4 20 30 20 .025 5000 
• C o n v e r t e d to MKS u n i t s f rom the da ta o f Holmes and S w i f t 
(1970) 
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Where r ; r a re the r a d i u s o f the d r i l l p i p e and the w e l l -
b o r e . U and hp r e p r e s e n t the hea t t r a n s f e r c o e f f i c i e n t s used 
by Holmes and S w i f t ( 1 970 ) . They assumed t h a t the r a d i u s o f 
the d r i l l p i p e was ^ = 1 6 . 8 4 cm. and o f the annul us was 
r =21 .27 cm. 
a ' 
F o r e x a m p l e , the t e m p e r a t u r e p r o f i l e s o f the d r i l l i n g 
f l u i d i n the p i p e and the- -annul us o f model 1 a re shown i n 
F i g u r e 2. The a n n u l u s t e m p e r a t u r e i s g r e a t e r than the p i p e 
t e m p e r a t u r e a t e v e r y d e p t h i n the b o r e h o l e due to the a d d i ­
t i o n a l hea t t r a n s f e r f rom the r o c k f o r m a t i o n . The d r i l l i n g 
f l u i d becomes hea ted up i n the upper h a l f o f the b o r e h o l e 
and c o o l e d down i n the l o w e r h a l f . Holmes and S w i f t (1970) 
have shown t h a t the s t e a d y - s t a t e model i s u s e f u l f o r p r e d i c t ­
i n g b o t t o m - h o l e t e m p e r a t u r e s . 
As can be seen f rom T a b l e 1, the s e v e n models d i f f e r 
as a r e s u l t o f d i f f e r e n t hea t t r a n s f e r c o e f f i c i e n t s o r mud 
c i r c u l a t i o n r a t e . The d i f f e r e n c e s i n p a r a m e t e r s w i l l cause 
the t e m p e r a t u r e p r o f i l e s to be s l i g h t l y d i f f e r e n t , a l t h o u g h 
o f the same b a s i c shape as i n F i g u r e 1. The o u t l e t t e m p e r a ­
t u r e and b o t t o m - h o l e t e m p e r a t u r e f o r the v a r i o u s models i n 
T a b l e 1 w i l l be used f o r c o m p a r i s o n w i t h f u r t h e r a p p r o x i m a ­
t i o n s w h i c h w i l l be made i n the n e x t s e c t i o n . 
F u r t h e r A p p r o x i m a t i o n to the O u t l e t T e m p e r a t u r e 
and the B o t t o m - H o l e T e m p e r a t u r e 
The t e m p e r a t u r e T A n , i s the t e m p e r a t u r e o f the d r i l l i n g 
70 
DEPTH IN KILOMETERS 
F i g u r e 2. T e m p e r a t u r e P r o f i l e s f o r a S i m u l a t e d B o r e h o l e . 
12 
f l u i d e x i t i n g the b o r e h o l e ( t h e o u t l e t t e m p e r a t u r e ) . Data on 
the o u t l e t t e m p e r a t u r e i s f a i r l y e a s i l y o b t a i n e d and f u r t h e r ­
more , i t can be measured even as the d r i l l i n g i s i n p r o g r e s s . 
The measurements o f the o u t l e t t e m p e r a t u r e can y i e l d u s e f u l 
i n f o r m a t i o n r e g a r d i n g the d o w n - h o l e s i t u a t i o n ; h o w e v e r , 
because o f c o m p l i c a t e d heat t r a n s f e r p r o c e s s e s i n the b o r e ­
h o l e , t h i s i n f o r m a t i o n may be d i f f i c u l t to e x t r a c t . On the 
o t h e r h a n d , the b o t t o m - h o l e t e m p e r a t u r e T g ^ j , a l t h o u g h more 
d i f f i c u l t to m e a s u r e , t e n d s to r e a c h e q u i l i b r i u m the q u i c k e s t 
a f t e r d r i l l i n g ceases ( B u l l a r d , 1947) . Hence T g ^ j i s o f t e n 
a u s e f u l i n d i c a t o r o f the d o w n - h o l e s i t u a t i o n s . 
T ^ Q and T g ^ j can be c a l c u l a t e d f rom e q u a t i o n s ( 3 ) . 
T A O = T a ( 0 ) = K 1 ( l + C 1 / A 1 ) + K 2 ( l + C 2 / A 1 ) + T s 
^ 1 ( 7 ) 
T B H T = T a ( h ) = T p ( h ) = K 1 e x p ( C 1 h ) + K 2 e x p ( C 2 h ) + T s + a h - a / A 1 
S i n c e , i n g e n e r a l , the hea t t r a n s f e r c o e f f i c i e n t 
a c r o s s the d r i l l i n g p i p e i s much g r e a t e r than a c r o s s t h e 
w e l l b o r e f a c e , f u r t h e r a p p r o x i m a t i o n s can be made. 
Assuming 
H 1 > > H 2 
A 1 / A 2 = H 1 / H 2 » 1 
Then C-j can be a p p r o x i m a t e d by 
C 1 = ( A 2 / 2 ) ( l + ( l + 4 A 1 / A 2 ) J s ) 
^ ( A 2 / 2 ) ( 1 + 2 ( A 1 / A 2 ) i s ) 
^ ( A 1 A 2 ) J s 
S i m i l a r l y 
C 2 = - ( A 1 A 2 ) i 5 
S u b s t i t u t e , C 2 i n t o e q u a t i o n s ( 6 ) . 
K 1 = ^ ( ( T p r T s + a / A 1 ) e x p ( - ( A 1 A 2 ) i 2 h ) - d / ( A 1 A 2 ) i s ) s e c h ( ( A 1 A 2 ) i 2 h ) 
K 2 = ̂ ( ( T p . - T s + a / A 1 ) e x p ( + ( A 1 A 2 ) M w ( A 1 A 2 ) ^ ) s e c h ( ( A 1 A 2 ) i s h ) 
S u b s t i t u t e C| , C 2 , K.j , « 2 i n t o e q u a t i o n s ( 7 ) . 
T B H T = ( T p i - T s + a / A 1 ) s e c h ( ( A 1 A 2 ) ^ h ) - ( a / ( A 1 A 2 ) ^ ) t a n h ( ( A 1 A 2 ) i s h ) 
+ T s + a h - a / A 1 ' ( 8 ) 
T A 0 = ( T p i - T s + a / A 1 ) ( 1 - A 2 / A 1 ) ^ t a n h ( ( A ] A 2 ) \ ) ) + T s (9 ) 
- ( a / A ] ) s e c h ( ( A ] A 2 ) i $ h ) 
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I n s t e a d o f e q u a t i o n s ( 3 ) , e q u a t i o n s ( 8 ) , ( 9 ) p r o v i d e 
means f o r q u i c k e s t i m a t i o n o f T^ - n and T B H - p w i t h o u t c o m p u t i n g 
the c o n s t a n t s C | , C 2 , K-| , K 2 . T a b l e 2 g i v e s the v a l u e s c a l ­
c u l a t e d f rom e q u a t i o n s ( 3 ) , the a p p r o x i m a t e d v a l u e s f rom (8 ) 
and ( 9 ) and r a t i o s o f the heat t r a n s f e r c o e f f i c i e n t s f o r each 
model i n T a b l e l . 
T a b l e 2. A C o m p a r i s o n Between the Holmes and S w i f t (1970) 
Model and A p p r o x i m a t e d V a l u e s o f T A n and T R „ T , 
T B H T T A 0 
H. & S. H. & S . 
Model (1970) A p p r o x H 1 / H 2 (1970) A p p r o x . H 1^H2 
1 67.571 60.873 30 
1 
36.244 34.428 30 
2 79.602 74.929 50 34.770 34.014 50 
3 47.056 35.988 1 0 38.838 29.883 10 
4 76.Q88 69.503 20 37.175 35.086 20 
5 54.249 49.476 60 34.313 33.029 60 
6 85.814 80.326 30 35.577 34.578 30 
7 56.001 49.182 30 36.024 33.570 30 
As shown i n T a b l e 2 , p r o v i d e d H 1 / H 2 > 2 0 , the . a p p r o x i -
mated v a l u e s a r e qu i te c l o s e to , . a l t h o u g h l e s s t h a n , the 
a c c e p t a b l e v a l u e s g i v e n by Holmes and Swi f t . As a r e s u l t , 
the a p p r o x i m a t e d v a l u e s r e p r e s e n t the l o w e r l i m i t o f b o t h 
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Tg|_| T and T ^ Q . M o r e o v e r f o r h i g h r a t i o s o f H -j / H 2 » the s i m p l e 
r e l a t i o n s (8 ) and (9) p r o v i d e a q u i c k way to d e t e r m i n e g e o ­
thermal g r a d i e n t s . Wi th measured v a l u e s o f T ^ Q and T g ^ y , a 
can be e s t i m a t e d to s a t i s f y bo th e q u a t i o n s . 
The Model w i t h N o n - L i n e a r Geothermal G r a d i e n t s 
I n the b a s i c m o d e l , a c o n s t a n t g e o t h e r m a l g r a d i e n t i s 
u s e d . H o w e v e r , the t e m p e r a t u r e measurements i n b o r e h o l e s i n 
the ma jor g e o t h e r m a l r e g i o n s have shown t h a t the r e s e r v o i r 
t e m p e r a t u r e i s r a t h e r u n i f o r m be low a c e r t a i n d e p t h . T h i s 
s i t u a t i o n i s i n d i c a t i v e o f a h i g h p e r m e a b i l i t y , s i n c e c o n v e c -
t i v e f l o w s i n the r e s e r v o i r t e n d to e q u a l i z e the t e m p e r a t u r e 
i n the r o c k . The r e s e r v o i r t e m p e r a t u r e w i t h i n the u n i f o r m 
p a r t o f the f o r m a t i o n i s c a l l e d the base t e m p e r a t u r e o f the 
the rma l a r e a ; and s i n c e t h i s i s the r e g i o n f rom w h i c h therma l 
w a t e r i s p r o d u c e d , i t i s u s e f u l to know the d e p t h to t h i s p a r t 
o f the f o r m a t i o n . F i g u r e 3 shows the t e m p e r a t u r e da ta f rom a 
b o r e h o l e ( G - 3 ) i n the R e y k j a v i k the rma l a rea i n I c e l a n d . 
T e m p e r a t u r e i n c r e a s e s q u i t e r a p i d l y i n the upper 160 meters 
and then becomes p r a c t i c a l l y c o n s t a n t beyond t h i s d e p t h . The 
base t e m p e r a t u r e i s a r o u n d 130°C. 
A s l i g h t m o d i f i c a t i o n o f the b a s i c model can be used 
to s i m u l a t e t h i s s i t u a t i o n . I n s t e a d o f the c o n s t a n t g e o ­
therma l g r a d i e n t a , a z e r o g r a d i e n t i s r e p l a c e d f o r the l o w e r 
s e c t i o n o f the r o c k f o r m a t i o n as i n F i g u r e 4. 
100 200 300 40O 500 600 700" ~ 
DEPTH IN METERS 
F i g u r e 3. T e m p e r a t u r e Data f rom a B o r e h o l e ( G - 3 ) i n the Geothermal A r e a 
i n I c e l a n d ( R e p r o d u c e d f rom S i g u r m u n d s s o n 1967) . B r o k e n L i n e 
i s the N o n - L i n e a r Model U s e d . 
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F i g u r e 4. T e m p e r a t u r e F i e l d w i t h N o n - L i n e a r 
Geothermal G r a d i e n t . 
Thus the, f o r m a t i o n t e m p e r a t u r e can be r e p r e s e n t e d by 
T f ( z ) = T s + a z 0<z<3h (10a) 
T f ( z ) = T s + a $ h £h<z<h O O b ) 
The s o l u t i o n i n the upper s e c t i o n 0<z<$h 
T ( z ) = K 1 e x p ( C ] z ) + K 2 ) e x p ( C 2 z ) + a z - a / A 1 + T ; 
T a ( z ) = K ] ( 1 + C 1 / A 1 ) e x p ( C ] z ) + K 2 ( l + C 2 / A 1 ) e x p ( C 2 z ) + a z + T , 
( H a ) 
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a n d i n t h e l o w e r s e c t i o n $ h < z < h 
T ^ ( z ) = K ] e x p ( C 1 , z ) + K ^ e x p ( C 2 z ) + o3h + T s 
( l i b ) 
T a ( z ) = Kj ( l + C 1 / A 1 . ) e x p ( C 1 z ) + K ^ ( l + C 2 / A 1 ) exp ( C £ z ) + a B h + T s 
To s o l v e the i n t e g r a t i o n c o n s t a n t s , , K-j , K^, 
f o u r b o u n d a r y c o n d i t i o n s a r e n e e d e d . 
( 1 ) . I n l e t t e m p e r a t u r e T ' n - i s a c o n s t a n t : 
T ( 0 ) = T. . 
P Pi 
( 2 ) . T e m p e r a t u r e i n the d r i l l p i p e i s m a t h e m a t i c a l l y 
c o n t i n u o u s t h r o u g h z = £ h : 
T p ( $ h ) = = T t ; ( 3 h ) 
( 3 ) . T e m p e r a t u r e i n the a n n u l u s i s " m a t h e m a t i c a l l y 
c o n t i n u o u s t h r o u g h z = $ h : 
T a ( $ h ) = = T ; ( $ h ) 
( 4 ) . The d r i l l i n g f l u i d o f the d r i l l p i p e and the 
a n n u l u s a r e w e l l mixed a t the b o t t o m : 
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The computed i n t e g r a t i o n c o n s t a n t s are 
K 1 = - ( ( T p . - T s + a / A 1 ) C 2 e x p ( C 2 h ) (12a) 
- ( a / A 1 ( C 1 - C 2 ) ) ( ( A 1 + C 1 ) C 2 e x p ( C 2 ( l - 3 ) h ) 
- ( A 1 + C 2 ) C 1 e x p ( C 1 (l-B)h) ) ) / ( C 1 e x p ( C 1 h ) - C 2 e x p ( C 2 h ) ) 
K 2 = ( ( T p i - T s + a / A - , ) G 1 exp ( C 1 h ) (12b) 
- ( a / A 1 ( C 1 - C 2 ) ) ( ( - A 1 + C 1 ) C 2 e x p ( C 2 ( l - $ ) h ) 
- ( A 1 + C 2 ) C 1 e x p ( C 1 ( l - e ) h ) ) ) / ( C 1 e x p ( C 1 h ) - C 2 e x p ( C 2 h ) ) 
K ^ = - ( ( T p r T s + a / A 1 ) C 2 e x p ( C 2 h ) ( 12c ) 
- ( a / A 1 ( C 1 - C 2 ) ) ( ( A 1 + C 1 ) e x p ( - C 2 $ h ) 
- ( A 1 + C 2 ) e x p ( - C 1 gh) ) C 2 e x p ( C 2 h ) ) / ( C ] e x p ( C 1 h ) - C 2 e x p ( C 2 h ) ) 
K 2 = ( ( T p i ' T s + a / A l ) C l e x p ( C l h ) ( 1 2 d ) 
- ( a / A ] ( C 1 - C 2 ) ) ( ( A 1 + C 1 ) e x p ( - C 2 e h ) 
- ( A 1 + C 2 ) e x p ( - C 1 g h ) ) C 1 e x p ( C 1 h ) ) / ( C 1 e x p ( C 1 h ) - C 2 e x p ( G 2 h ) ) 
T y p i c a l g e o t h e r m a l w e l l da ta used to c o n s t r u c t the 
t e m p e r a t u r e p r o f i l e o f G-3 a re g i v e n i n T a b l e 3. 
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T a b l e 3. T y p i c a l Wel l Data f o r a Geotherma l B o r e h o l e 
h ; Wel l d e p t h , m 720 
s F l u i d s p e c i f i c h e a t , k j / k g - ° C 4 
q F low r a t e , k g / s e c 25 
H, Heat t r a n s f e r c o e f f i c i e n t ( p i p e ) , 
1 k j / m - s e c - ° C .09 
H« Heat t r a n s f e r c o e f f i c i e n t ( a n n u l u s ) , 
c k j / m - s e c - ° C .003 
T S u r f a c e e a r t h t e m p e r a t u r e , °C 10 
T p i - I n l e t t e m p e r a t u r e , °C 10 
a Geothermal g r a d i e n t f o r tine u p p e r 
s e c t i o n , °C/m .675 
a ' Geothermal g r a d i e n t f o r t h e l o w e r 
s e c t i o n , °C/m 0 
h Depth f o r the upper s e c t i o n , m 160 
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The t e m p e r a t u r e p r o f i l e s shown i n F i g u r e 5 a re d e p i c t e d 
i n an expanded s c a l e o f t e m p e r a t u r e . Due to the s h a l l o w d e p t h 
and r a t h e r h i g h f l o w r a t e u s e d , the t e m p e r a t u r e i n the d r i l l 
p i p e i n c r e a s e s l e s s than . 8°C a t the b o t t o m . 
The c a l c u l a t i o n o f the o u t l e t t e m p e r a t u r e T ^ Q based on 
e q u a t i o n (11a) s u g g e s t s t h a t d i f f e r e n c e s i n T ^ Q as the d r i l l ­
i n g p r o c e e d s to g r e a t e r d e p t h s may be i n d i c a t i v e o f the 
c h a n g i n g t e m p e r a t u r e g r a d i e n t . L e t T A 0 = ' T A 0 ^ h " ' T A 0 ' h - 1 0 ' 
where ( T ^ Q ) ^ r e p r e s e n t s the o u t l e t t e m p e r a t u r e when the d e p t h 
o f the b o r e h o l e i s h and ( J ^ Q ) N _ T O R E P R E S E N T S the o u t l e t 
t e m p e r a t u r e when the d e p t h o f the b o r e h o l e i s 10 meters l e s s 
than h. F i g u r e 6 shows t h a t T ^ Q i n c r e a s e s w i t h d e p t h i n the 
r e g i o n where the g e o t h e r m a l g r a d i e n t i n c r e a s e s . H o w e v e r , i n 
the u n i f o r m p a r t o f the f o r m a t i o n T ^ Q i s e s s e n t i a l l y i n d e p e n ­
d e n t o f the w e l l d e p t h . T h i s s u g g e s t s t h a t the c a r e f u l 
measurements o f the o u t l e t t e m p e r a t u r e s may show where the 
p r o d u c i n g p a r t o f the r e s e r v o i r b o r e h o l e has r e a c h e d . 
The Model w i t h F l u i d L o s s e s 
I t has been s u g g e s t e d ( B o d v a r s s o n , 1 973 ) t h a t i n many 
cases the anomalous f e a t u r e s o f f i e l d da ta can be e x p l a i n e d 
i n terms o f a d r i l l i n g d i s t u r b a n c e i n v o l v i n g d r i l l i n g f l u i d 
i n v a s i o n i n t o permeable f r a c t u r e s . The b a s i c model can a l s o 
be m o d i f i e d to a l l o w the p o s s i b i 1 i t y o f g a i n s and l o s s e s o f 
the d r i l l i n g f l u i d . S i n c e the h o r i z o n t a l p e r m e a b i l i t y i n 
g e o t h e r m a l a r e a s " f r e q u e n t l y i s due to n a r r o w h o r i z o n t a l 
f r a c t u r e s ( B o d v a r s s o n , 1970) , i t i s e x p e c t e d t h a t the d r i l l i n g 
DEPTH IN METERS 
F i g u r e 5. T e m p e r a t u r e P r o f i l e s f o r a S i m u l a t e d B o r e h o l e w i t h 
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DEPTH' IN METERS 
F i g u r e 6. D i f f e r e n c e s o f the O u t l e t T e m p e r a t u r e s V s . 
Depth w i t h Geotherma1 G r a d i e n t Change a t 
160 m. 
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f l u i d may i n v a d e t h e s e f r a c t u r e s and f l o w away f rom the b o r e -
be c h a r a c t e r i z e d by r a d i a l f l o w i n t h i n h o r i z o n t a l f r a c t u r e s . 
L e t (0<3<1) be the r a t i o o f the d e p t h o f the f r a c t u r e 
to the t o t a l d e p t h o f the b o r e h o l e , then 3h i n d i c a t e s the 
l o c a t i o n o f the f r a c t u r e . A l s o l e t y D e the r a t i o o f the f l o w 
r a t e i n the a n n u l u s above the f r a c t u r e to the o r i g i n a l f l o w 
r a t e ; the f l u i d l o s s e s o r g a i n s w i l l t h u s be r e p r e s e n t e d by 
l - y « The m o d i f i e d sys tem i s d e p i c t e d i n F i g u r e 7. 
two s e c t i o n s . The b a s i c e q u a t i o n s f o r the s e c t i o n a b o v e the 
f r a c t u r e a r e 
h o l e . S i m i l a r l y , the i n f l u x o f g e o t h e r m a l f l u i d s w i l l a l s o 
As i n t h e p r e c e d i n g c a s e , the b o r e h o l e i s d i v i d e d i n t o 
+ A 1 ( T p ( z ) - T a ( . z ) ) = 0 
0<z<3h (13) 
Y + A T ( T p ( z ) - T a ( z ) ) + A 2 ( T f ( z ) - T a ( z ) ) = 0 dz 
And f o r the s e c t i o n below the f r a c t u r e 
+ A 1 ( 1 - ( z ) - T a ( z ) ) = 0 dz 
3h<z<h (14) 
d T a ( z ) 








F i g u r e 7. Geothermal B o r e h o l e System 
w i t h F l u i d L o s s e s 
T f ( z ) = T s + a z 
The s o l u t i o n s to the above e q u a t i o n s w i t h p r o p e r b o u n d a r y 
c o n d i t i o n s w i 11 b e 
T p ( z ) = K 1 e x p ( C 1 z ) + K 2 e x p ( C 2 z ) + a ( z - l / A 1 - C l - Y ) / A 2 ) + T s 
T a ( z ) = K 1 ( l + c 1 / A 1 ) e x p ( C 1 z ) + K 2 ( l + C 2 / A 1 . ) e x p ( C 2 z ) 
0 5) 
+ a ( z - ( l - y ) / A 2 } + T • 
26 
T | ) ( z ) = K j e x p ( C 1 z ) : + K ^ e x p ( - C 2 z ) + o ( z - l / A 1 ) + T s -
T ; ( z ) = K̂  (i+C1/A1 ) e x p ( C 1 z ) + K^(HG2/A:1 ) e x p ( C 2 z ) 
+ « Z + T s 
where the c o n s t a n t s are 
C 1 = ( ( ( l - Y ) A 1 + A 2 ) / 2 Y ) ( 1 + ( 1 + 4 Y A 1 A 2 / ( ( 1 - Y ) A 1 + A 2 ) i i ) 2 ) 
C 2 = ( ( ( I - Y ) A 1 + A 2 ) / 2 Y ) ( I - ( I I + 4 Y A 1 A 2 / ( ( I - Y ) A 1 + A 2 ) J S ) 2 ) 
C^ = ( A 2 / 2 ) ( H - ( 1 + 4 A 1 / A 2 ) J 5 ) 
(16) 
C ^ = ( A 2 / 2 ) ( 1 - ( 1 + 4 A 1 / A 2 ) i 2 ) 
The b o u n d a r y c o n d i t i o n s are the same as i n the p r e c e d i n g 
f r a c t u r e model . 
( D - y ° ) = T P I 
( 2 ) . T p ( $ h ) = R ( $ h ) 
( 3 ) . T a ( $ h ) = T a ( $ h ) 
( 4 ) . T ' ( h ) = T ' . ( h ) . p a 
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Wi th a l l the above b o u n d a r y c o n d i t i o n s , c o n s t a n t s , « 2 , K.J , 
K£ a re found to be 
K l D = ( T p i " T s + o t ( 1 / A l + ( 1 - Y ) / A 2 ) ) ( C ^ ( C 2 - C ' ) e x p ( ( C 2 + C^ ) 3 h ) (17a ) 
+ C 1 , ( C J - C 2 ) e x p . ( ' ( C 1 , - C ^ + ( C 2 + C ^ ) B ) h ) ) -
- a h ( C ] - C ^ ) e x p ( ( ( C ^ + C p B - C ^ ) h ) 
+ ( ( l - Y ) C * C ^ a / A 2 ) ( e x p ( C ^ h ) - e x p ( ( C ^ 3 + C * - C ^ ) h ) ) 
K 2 D = ( T p i - T s + a ( l / A 1 + ( l - Y ) / A 2 ) ) ( C ^ ( C ^ - C 1 ) e x p ( ( C ^ + C 1 ) g h ) (17b ) 
+ C j ( C r . C ^ ) e x p ( ( C j - C ^ + ( C 1 + C ^ ) B ) h ) ) 
+oh'(Cj-C^ )exp((.(Ci+C^ )0-C - ^ )h ) 
- ( ( l - Y ) C | C ^ a / A 2 ) ( e x p ( C ^ B h ) - e x p ( ( C ^ 3 + C ] - C ^ ) h ) ) 
K l D = ( T p i ' T s + a ( 1 / A l + ( 1 ' Y ) / A 2 ) ) C 2 ( C 2 " C l ) e x p ( ( C 1 + C 2 ) 3 h ) ( 1 7 c ) 
+ ((1 - Y ) o C ^ / A 2 ) ( C 1 e x ' p ( C 1 3 h ) - C 2 e x p ( C 2 3 h ) ) 
+ a h e x p (-C 2 h ) ((C^-Cj ) e x p ( ( C - ! ) 3 h ) 
+ ( C 2 - C ^ ) e x p ( ( C 2 + C ^ ) 3 h ) ) 
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(17d) 
K ^ D = ( T p r T s + a ( l / A 1 + ( l - Y ) / A 2 ) ) C j ( C r C 2 ) e x p ( ( C 1 , - C ^ + ( C 1 + C 2 ) 3 ) h ) 
+ ( ( l - Y ) a C ^ / A 2 ) e x p ( ( C ^ C ; p h ) ( C 1 e x p ( C 1 B h ) - C 2 e x p ( C 2 3 h ) ) 
+ a h e x p ( - C ^ h ) ( ( C ] » C p e x p ( ( C ^ C ^ )3h ) 
+ ( C ] - C 2 ) e x p ( ( C { + C 2 ) 3 h ) ) ' 
Where 
D = C ^ ( C ] - C 1 ) e x p ( ( C ] + C 1 ) B h ) + 4 (C 2 -Cj ) e x p ( ( C j + C g )Bh ) (17e) 
+ e x p ( ( C ] - C ^ ) h K ( C j ( C 1 - C ^ ) e x p ( ( C 1 + C ^ ) B h ) 
+ C j ( C £ - C 2 ) e x p ( ( C £ + C 2 ) 3 h ) ) 
T y p i c a l t e m p e r a t u r e p r o f i l e s a re shown i n F i g u r e s 8 and 
9. Data used here a re the same as i n T a b l e 3, e x c e p t t h a t a 
d e e p e r b o r e h o l e (2000 m e t e r s ) and a l i n e a r g r a d i e n t (.1 °C/m) 
a r e assumed. F i g u r e 8 shows t h a t the t e m p e r a t u r e p r o f i l e i s 
n o t a s e n s i t i v e f u n c t i o n o f the l o c a t i o n o f the f r a c t u r e . A 
f l u i d l o s s o f 10 p e r c e n t was assumed i n F i g u r e 8. H o w e v e r , 
F i g u r e 9 does show an o b v i o u s change r e l a t e d to d i f f e r e n t 
r a t i o o f f 1 u i d l o s s . 
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DEPTH IN KILOMETERS 
F i g u r e 8. T e m p e r a t u r e P r o f i l e s f o r a S i m u l a t e d B o r e h o l e w i t h 10% F l u i d L o s s . 
$ I n d i c a t e s the R a t i o o f L o c a t i o n o f the F r a c t u r e f rom the Top o f 
the B o r e h o l e to the T o t a l Depth of the B o r e h o l e . 
no 
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DEPTH IN KILOMETERS 
F i g u r e 9. T e m p e r a t u r e P r o f i l e s f o r a S i m u l a t e d B o r e h o l e w i t h a F r a c t u r e 
. • L o c a t e d H a l f w a y f r o m the S u r f a c e , y I n d i c a t e s the R a t i o o f the 
F low Rate above t h e F r a c t u r e i n the A n n u l u s t o the O r i g i n a l 
F low R a t e . 
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CHAPTER I I I 
RELAXATION OF DRILL ING DISTURBANCE 
T e m p e r a t u r e D i s t r i b u t i o n o f the F l u i d i n a F r a c t u r e 
In the p r e c e d i n g c h a p t e r t e m p e r a t u r e p r o f i l e s f o r the 
f l u i d - l o s s model a r e o b t a i n e d ; h o w e v e r , the e f f e c t o f i n v a s i o n 
o f the d r i l l i n g f l u i d i n t o permeab le f o r m a t i o n s have not been 
c o n s i d e r e d . Assume the d r i l l i n g f l u i d i s i n j e c t e d i n t o a 
relatively h o t t e r f o r m a t i o n . The c o o l i n g e f f e c t w i l l d i s t u r b 
the s u r r o u n d i n g t e m p e r a t u r e f i e l d and e v e n t u a l l y change the 
t e m p e r a t u r e p r o f i l e s . B o d v a r s s o n (1973) d e r i v e d t h e o r e t i c a l 
models f o r the t e m p e r a t u r e b e h a v i o r o f a f l u i d i n j e c t e d i n t o 
a f r a c t u r e . . These models w i l l be d e r i v e d be'.low and used to 
d e s c r i b e the t e m p e r a t u r e p e r t u r b a t i o n due to the l o s s o f 
d r i l l i n g f l u i d i n t o a f r a c t u r e . 
Assuming the d r i l l i n g - f l u - i d i n v a d e s i n t o a s h e e t - l i k e 
h o r i z o n t a l f r a c t u r e w i t h an i n i t i a l t e m p e r a t u r e ' T . a t t ime 
t=0 . The f o r m a t i o n t e m p e r a t u r e i s a c o n s t a n t T^ ( F i g u r e 1 0 ) . 
The h e a t t r a n s p o r t p r o b l e m now c o n s i s t s o f p u r e c o n ­
d u c t i o n between the f r a c t u r e and the r o c k f o r m a t i o n and p u r e 
c o n v e c t i o n a l o n g the f r a c t u r e . L e t a be the thermal d i f f u s -
i v i t y o f the r o c k . The t e m p e r a t u r e o f the r o c k i s d e t e r m i n e d 
f rom the heat e q u a t i o n . 
1+ 
I _ 
•T- =^^1 fl' 11 '1 '1 <L''l' L' '1'" '^"ji»jj'»tit 1 j/'HittiiiitiiniitijinJi'tijiii liiijtrifi' 
I I V f 
t 't t 
I 
I 
F i g u r e 10. Geothermal B o r e h o l e System 
w i t h a H o r i z o n t a l F r a c t u r e 
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, A 2 T ; L i J R R A 2 T M M o v 
( 1 8 ) 
The c o n v e c t i v e t r a n s p o r t a p p e a r s i n the b o u n d a r y c o n d i t i o n 
a t the w a l l o f the f r a c t u r e , . 
Heat t r a n s p o r t by the f l u i d = Heat c o n d u c t e d t h r o u g h 
t h e r o c k s u r f a c e 
Where p,, = density of the fluid w 
s = s p e c i f i c hea t o f the f l u i d 
d = w i d t h o f the f r a c t u r e ( v e r t i c a l ) 
q = f l o w r a t e o f the f l u i d 
k = therma l c o n d u c t i v i t y o f the r o c k 
Two f u r t h e r a p p r o x i m a t i o n s w i l l be made i n o r d e r to 
s o l v e the c o n d u c t i o n e q u a t i o n ( B o d v a r s s o n , 1969) . F i r s t , 
n e g l e c t c o n d u c t i o n i n the r a d i a l d i r e c t i o n . 
1 9 _ ( R I I ) « 9 2 T r dr{rdr}<<—1 
A l s o , the v e r t i c a l w i d t h o f the f r a c t u r e i s assumed t o be so 
smal1 t h a t 
p S d ^ - | < < | s q |1 H w 3 t 1 . 1 H a r 
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The t r a n s p o r t e q u a t i o n s ( 1 8 ) , (19) then r e d u c e to 
i l = 4 r r r k 9T = Q (21 ) 
9r sq 9z • z u u u 
2 k 2 




^ = A N ( 2 2 ) 
| I - b | I , z=0 (23 ) 
E q u a t i o n s ( 2 2 ) , (23) t o g e t h e r w i t h the i n i t i a l and b o u n d a r y 
c o n d i t i o n s can be s o l v e d by the method o f L a p l a c e T r a n s f o r m . 
The r e s u I t i s 
T ( r , z , t ) = T f . ( T f - T . ) e r f c ( ^ % ) (24 ) 
r f 1 2 ( a t P 
Where e r f c d e n o t e s the complementa ry e r r o r f u n c t i o n w h i c h i s 
t a b u l a t e d i n the m a t h e m a t i c a l l i t e r a t u r e ( C a r s 1 aw amd J a e g e r , 
1959, p. 485 ) . 
T y p i c a l w e l l da ta a re t a b u l a t e d i n T a b l e 4. 
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T a b l e 4. Wel l a n d * F l u i d P r o p e r t i e s f o r a 
B o r e h o l e - F r a c t u r e System 
a 2 Thermal d i f f u s i v i t y o f the r o c k , m / s e c i o -
6 
c S p e c i f i c hea t o f the r o c k , k j / k g - ° C 1 
k Heat c o n d u c t i v i t y o f the r o c k , k j / m - ° C - s e c 3 x l 0 " 3 
q F low r a t e o f the f l u i d , k g / s e c 10 
s S p e c i f i c heat o f the f l u i d , k j / k g - ° C 4 
I n i t i a l t e m p e r a t u r e o f the f l u i d , °C 10 
T e m p e r a t u r e o f the r o c k f o r m a t i o n , °C 110 
p 
3 




D e n s i t y o f the f l u i d , kg/m 10
3 
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L e t z=0 . E q u a t i o n (24) g i v e s the t e m p e r a t u r e d i s t r i b u ­
t i o n as a f u n c t i o n o f t ime and d i s t a n c e f rom the f r a c t u r e 
2 
T ( r , 0 , t ) = T f - ( T f - T . ) e r f c ( ^ - 1 - ) (25) 
- f f 1 2 ( a t ) * 
F i g u r e 11 g i v e s the t e m p e r a t u r e d i s t r i b u t i o n a l o n g the 
f r a c t u r e i n the r a d i a l d i r e c t i o n a f t e r one month o f the f l u i d 
i n v a s i o n . Under the c o n s t a n t f l o w r a t e o f 10 k g / s e c , the 
f r a c t u r e remains a l m o s t u n d i s t u r b e d a t a d i s t a n c e o f 120 
meters away f rom the f r a c t u r e . F i g u r e 12 shows the t e m p e r a ­
t u r e d i s t r i b u t i o n a t a d i s t a n c e o f 100 meters away as a 
f u n c t i o n o f t i m e . A who le y e a r i s needed f o r the f r a c t u r e to 
c o o l down to 55°C a t t h i s d i s t a n c e . 
T e m p e r a t u r e D i s t u r b a n c e R e s u l t i n g from D r i l l i n g F l u i d Loss 
The r e s u l t s o f the p r e c e d i n g s e c t i o n w i l l now be used 
to f i n d the t e m p e r a t u r e d i s t u r b a n c e due to the d r i l l i n g p r o ­
c e s s . L e t t i n g r=0 i n e q u a t i o n ( 2 4 ) , the t e m p e r a t u r e a t the 
b o r e h o l e a t t ime t i s 
o 
T ( 0 . z . t o ) - T . f - ( T f - T i y e r f c t 2 ( a ^ ) j i ) 
T ( 0 , z , t ) i s d e p i c t e d i n F i g u r e 13. An o b v i o u s tem­
p e r a t u r e i n v e r s i o n can be found i n the v i c i n i t y o f the 
f r a c t u r e . • 
I t i s o f i n t e r e s t to f i n d a d i s t a n c e f rom the f r a c t u r e 
RADIUS IN METERS 
F i g u r e 11. T e m p e r a t u r e D i s t r i b u t i o n i n the F r a c t u r e a f t e r 
One M o n t h . 
CO 
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TIME IN YEARS 
F i g u r e 12. Telmpera tu.re D i s t r i b u t i o n i n the F r a c t u r e 
a t 100 M e t e r s away f r o m the B o r e h o l e . 
F i g u r e 13. T e m p e r a t u r e D i s t u r b a n c e - i n tKe V i c i n i t y 
a F r a c t u r e . Broken L i n e s are the L i n e 
Segments A p p r o x i m a t e to T ( z ) . 
o f 
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beyond w h i c h o n l y n e g l i g i b l e e f f e c t can be d e t e c t e d . N o t i n g 
t h a t e r f c ( 2 ) < . 0 0 5 , then such a d i s t a n c e wou ld be e s t i m a t e d 
by T '(z Y = T - . i f z were s e l e c t e d such t h a t ( z /2 ( a t ) ^ ) > 2 . J o m f m m o 
Thus z m r e p r e s e n t s the minimum d i s t a n c e f rom the f r a c t u r e 
such t h a t beyond z m the t e m p e r a t u r e d i s t u r b a n c e can be 
neg1ec ted . 
z m / 2 ( a t 0 ) * . 2 
z = 4 ( a t ) h m v o ' 
z m = 6 . 4 meters i f t i s one month ( a p p r o x i m a t e l y 2.5x10 
s e c o n d s ) . The p e r t u r b a t i o n near the b o r e h o l e e x i s t s i n a 
r e g i o n r o u g h l y 13 meters w i d e . S i n c e measurements a re o f t e n 
made a t i n t e r v a l s o f 10 meters o r g r e a t e r , i t may be p o s s i b l e 
to miss the p e r t u r b a t i o n . I f a c o n t i n u o u s t e m p e r a t u r e l og 
were t a k e n , i t may be o b s e r v e d . 
R e l a x a t i o n a f t e r the D r i l l i n g Ceases 
I t i s o f some i n t e r e s t to see how l ong i t wou ld take 
f o r the p e r t u r b a t i o n to d i s s i p a t e by hea t c o n d u c t i o n . Assume 
the d r i l l i n g p r o c e s s ceases a t t ime t = t . The i n i t i a l tem­
p e r a t u r e d i s t r i b u t i o n a t the b o r e h o l e w i l l be T ( z ) . . 
T . ( z ) = T f - ( T - T ) e r f c ( z J , t=0 
0 f f i . 2 ( a ; t 0 . ) * 
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To s o l v e the heat c o n d u c t i o n e q u a t i o n w i t h t h e i n i t i a l 
c o n d i t i o n shown above i s d i f f i c u l t ; h o w e v e r , an a p p r o x i m a t i o n 
method i s p o s s i b l e . F i g u r e 13 shows T ( z ) - c a n be a p p r o x i m a t e d 
by f o u r s t r a i g h t l i n e s e g m e n t s . 
T Q ( z ) = T f z< -D (26) 
= T f - ( T f - T . ) ( l + z / D ) -D<z<0 
= T f - ( T f - T . ) ( l - z / D ) 0<z<D 
= T f D<z 
where D=2 (a t J 3 * 
0 
The G r e e n ' s f u n c t i o n method i s a p p r o p r i a t e ( C a r s l a w 
and J a e g e r , 1 9 59 ) 'and the s o l u t i o n i s 
T ( z , t ) = T f - * s ( T f - T . ) ( e r f ( D+z/2 (a t ) % ) - e r f ( D - z / 2 (a t ) V ) 
- % ( T f - T i ) ( z / D ) ( e r f ( z + D / 2 ( a t ) ^ ) + e r f ( - z / 2 ( a t ) J s ) 
- e r f ' ( * y 2 ( a t ' ^ 
( e x p ( - z 2 / 4 a t ) - e x p ( - ( z + D ) 2 / 4 a t ) - e x p ( - ( z - D ) 2 / 4 a t ) 
+ e x p ( - z 2 / 4 a t ) ) 
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A t the f r a c t u r e , z = 0 
T t O . t J ^ - i T f - T ^ e r f ( D / 2 ( a t ) ^ ) + ( ( T f - T l O / D ) ( 4 . a t / x ) ^ 
( l - e x p ( - D 2 / 4 a t ) ) 
L e t D / 2 ( a t ) 3 « = ( t /t)h=x 
Then 
T ( x ) = T f - ( T f - T . ) ( e r f ( x ) - ( 1 / ^ x ) ( 1 - e x p ( - x 2 ) ) ) (27) 
T e m p e r a t u r e v e r s u s t ime a f t e r the d r i l l i n g ceases i s d e p i c t e d 
i n F i g u r e 14. I f x = l / 3 , i n o t h e r words 9 t imes the d r i l l i n g 
p e r i o d , the t e m p e r a t u r e i n the b o r e h o l e i s s t i l l abou t 18°C 
away f rom e q u i l i b r i u m . T h i s i s much l o n g e r than the r e l a x a ­
t i o n t ime e s t i m a t e d by Bui l a r d ( 1 947) i n h i s c o n d u c t i o n m o d e l . 
Thus the d i s t u r b a n c e due to f l u i d i n v a s i o n i n t o the f r a c t u r e 
i s an e f f e c t n o t to be n e g l e c t e d . 
Ap pT i ca t i on o f the-. F1 u,i d - L o s s Mode 1 
F i g u r e 15 i s a r e d r a w i n g o f the f i e l d data f r o m a 
b o r e h o l e (MG-16) i n the R e y k i r g e o t h e r m a l a r e a i n I c e l a n d . 
A measurement was -made on F e b r u a r y 25, 1973, 24 h o u r s a f t e r 
the d r i l l i n g s t o p p e d . An anomalous f e a t u r e i s o b s e r v e d 
between 650 and 850 meters d e e p . The measurement made 
a p p r o x i m a t e l y e i g h t months l a t e r ( O c t o b e r 18, 1973) r e v e a l s 
t h a t t h e . b o r e h o l e had r e t u r n e d to e q u i l i b r i u m . A g r e a t e r 
x - ( t 0 / t ) ' * 
F i g u r e 14. T e m p e r a t u r e V s . R e l a x a t i o n T i m e . 
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TEMPERATURE IN 10°C 
6 7 8 9 10 
—r t 1 1 T 
o 
O A . 
O A 
O A 















o A , 
O A 
O A 
0 A * 
8 
| ~ o Measured on Feb. 25, g £ 
1973 (24 hours after O A 
the drilling ceased) O & 
O ' . A . 
O A 
Measured on Oct. 18, § ^ 
























F i g u r e 15. T e m p e r a t u r e Data f rom a B o r e h o l e (MG-16) i n 
the R e y k i r Geothermal A r e a ( C o u r t e s y o f the 
N a t i o n a l E n e r g y A u t h o r i t y , R e y k j a v i k , I c e l a n d ) 
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p e r t u r b a t i o n zone and s h o r t e r r e l a x a t i o n t ime a r e o b t a i n e d / 
than was e s t i m a t e d i n the p r e c e d i n g s e c t i o n s . The l a r g e 
f e a t u r e may be modeled by c o n s i d e r i n g a number o f p a r a l l e l 
f r a c t u r e s . H o w e v e r , a more i n t e r e s t i n g p r o b l e m i s the 
r e l a t i v e l y s h o r t r e l a x a t i o n t i m e . I t wou ld seem t h a t the 
c o n d u c t i v e r e l a x a t i o n model may b e i n a d e q u a t e . The r a p i d 
r e l a x a t i o n s u g g e s t s t h a t t r a n s i e n t c o n v e c t i o n o c c u r s i n t h e 
f l u i d w h i c h has p e n e t r a t e d the, f o r m a t i o n . I n O r d e r f o r c o n ­
v e c t i o n to take p l a c e , the R a y l e i g h number must be g r e a t e r 
than 40 ( L a p w o o d , 1948) . T h a t i s 
K a . q A T d 
R = T ^ 7 T > 4 0 ( 2 8 ) 
where d = w i d t h o f the f r a c t u r e 
g = a c c e l e r a t i o n o f g r a v i t y 
Kp = p e r m e a b i l i t y o f the r o c k 
AT = T f - T l 
a Q = c o e f f i c i e n t o f thermal e x p a n s i o n 
v = v i s c o s i t y o f the f l u i d 
-5 2 S u b s t i t u t i n g i n t o e q u a t i o n (28) a Q = 2 x l O 1/°C, g=10 m/sec 
T=100°C, d=l50 m. k = 3 x l 0 " 3 k j / m - ° C - s e c , p w = 1 0 3 k g / m 3 , 
-6 2 < • ' • ' ' c= l k j / k g - ° C , v=10" m / s e c l e a v e s K p as the o n l y u n d e f i n e d 
p a r a m e t e r . F o r c o n v e c t i o n to o c c u r , t h e r e f o r e , 
-11 2 
K >4x l0 1 1 rn 
P 
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Thus a l a r g e zone o f h i g h p e r m e a b i l i t y can p r o v i d e a 




The J a e g e r (1961) and Holmes and S w i f t (J 970). model 
p r o v i d e s a s i m p l e method f o r o b t a i n i n g the s t e a d y - s t a t e 
t e m p e r a t u r e p r o f i l e i n the b o r e h o l e and s u c c e s s f u l l y p r e d i c t s 
the b o t t o m - h o l e t e m p e r a t u r e s . S i n c e o u t l e t t e m p e r a t u r e i s so 
i m p o r t a n t , an a p p r o x i m a t i o n method i s d e v e l o p e d to make q u i c k 
e s t i m a t i o n s o f b o t h T ^ Q and Tg|_jy C a l c u l a t i o n s p r o v e d t h a t 
the a p p r o x i m a t i o n method i s good as l o n g as H-|/H2>20. To 
make use o f the b a s i c model i n a g e o t h e r m a l a r e a , some m o d i ­
f i c a t i o n s are n e e d e d . The n o n - l i n e a r g r a d i e n t sys tem i s used 
to model a g e o t h e r m a l b o r e h o l e f rom I c e l a n d . The f l u i d - l o s s 
model g i v e s t e m p e r a t u r e p r o f i l e s i n the case when a p o r t i o n 
o f the d r i l l i n g f l u i d i s l o s t t h r o u g h f r a c t u r e s . 
Wi th the e x i s t e n c e o f f r a c t u r e s , the r e l a x a t i o n p r o c e s s 
i s somewhat d i f f e r e n t f rom the normal s i t u a t i o n . The t e m p e r a ­
t u r e d i s t r i b u t i o n o f the f l u i d i n the f r a c t u r e i s c a l c u l a t e d . 
The t e m p e r a t u r e d i s t u r b a n c e r e s u l t i n g f rom the d r i l l i n g p r o ­
c e s s g i v e s an i n v e r s i o n f e a t u r e s i m i l a r to t h a t o f the 
o b s e r v e d t e m p e r a t u r e da ta ( b o r e h o l e MG-16 ) . The r e l a x a t i o n 
t ime a f t e r the d r i 1 1 i n g ceases i s a l s o e s t i m a t e d . The long 
r e l a x a t i o n t ime i l l u s t r a t e s t h a t the d i s t u r b a n c e due to f l u i d 
i n v a s i o n can n o t be i g n o r e d . The f l u i d - l o s s model , h o w e v e r , 
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can n o t be a p p l i e d d i r e c t l y to t h e a v a i l a b l e t e m p e r a t u r e 
da ta because the computed f e a t u r e i s so sma l l t h a t i t can 
h a r d l y be d e t e c t e d by s t a n d a r d t e m p e r a t u r e measur ing t e c h ­
n i q u e s . M o r e o v e r , the r a p i d r e l a x a t i o n o f the l a r g e tem­
p e r a t u r e d i s t u r b a n c e zone o b s e r v e d i n F i g u r e 15 s u g g e s t s 
t h a t the d i s t u r b a n c e d i s s i p a t e s by means o f thermal c o n v e c ­
t i o n . The p e r m e a b i l i t y o f the r o c k f o r m a t i o n i n the g e o ­
thermal p r o d u c t i o n z o n e , i n t h i s c a s e , must be g r e a t e r than 
-11 2 
4x10 m . Such a h i g h p e r m e a b i l i t y i s n o t u n r e a s o n a b l e i n 
f r a c t u r e d r o c k s . 
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